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Introduction
Marine macroalgae can accumulate macro-and trace elements in concentrations that are orders of magnitude greater than their content in their environment [1] . This ability is used to indicate the level of coastal waters pollution in different regions of the World Ocean, including the Black Sea [2] [3] [4] [5] . Widely spread brown algae are believed to be the most preferable for monitoring purposes because of the presence of alginic acid providing their higher resistance to metals compared to red or green algae [2, 6] . Although the features of macro-and trace element accumulation in the Black Sea macroalgae have been described by a number of authors, the data on the relationship between elemental concentrations and plant age, morphostructural elements of the thalli and seasons are very scarce. To cover this gap the present study is focused on variations of macro-and trace element concentrations during spring -summer season, their relationship with age and different parts of the thalli of the Black Sea brown algae Cystoseira barbata C. Ag. and Cystoseira crinita (Desf.) Bory from the coastal waters of Sevastopol region (SW Crimea).
Materials and methods

Study area
The study was carried out in the Sevastopol region (Fig. 1) . The coastal zone of Sevastopol region is characterized by a crenellated shoreline, numerous small bays, including semi-enclosed bays with limited water exchange (Sevastopolskaya and Balaklavskaya Bays), bays that are deeply intrusive into the land (Karantinnaya Bay) and bays with free water exchange with the open sea (Kruglaya Bay). The sites in the investigated coastal zone are characterized by different degrees of anthropogenic pollution ( Table 1 ). The most polluted bays, according to the trophic index E-TRIX (the function of concentration of dissolved oxygen, total phosphorus, sum of mineral forms of nitrogen and chlorophyll "a"), ranked in descending order, are Sevastopolskaya Bay → Karantinnaya and Balaklavskaya Bays → Kruglaya Bay [7] . Likewise, according to the content of total petroleum hydrocarbons (TPH) in the bottom sediments, Sevastopolskaya Bay is more polluted than Balaklavskaya and Karantinnaya Bays, and the least polluted is Kruglaya Bay [8, 9] . The coastal waters near the Cape Fiolent are a part of the local hydrological natural monument named "Coastal aquatic complex near Cape Fiolent", and they are considered to be relatively clean. The sampling sites and data regarding their level of pollution are shown in Figure 1 and Table 1 , respectively. 
Sampling and sample preparation
The whole plants of Cystoseira barbata (stations 1-2, Figure 1 ) and C. crinita (stations 3-5, Figure 1 ) were sampled during the spring (May) and summer (July) seasons in 2012 at five marine sites in the Sevastopol region with different degree of anthropogenic pollution ( Table 1) . The sampling was carried out at depths of 0.5-1.5 m; features of macro-and trace elements accumulation were studied separately for "stems" and "branches" of thalli from 6 months to 5 years of age. To determine the age of the plants the method based on the constancy of the average annual growth rate of the "stem" of Cystoseira barbata and C. crinita was used [10] . Plants were washed with marine water from the sites they grow, carefully cleaned from epiphytes, and then dried to a constant weight at 40°C during 24 hours. Further the samples were manually homogenized in an agate mortar. A total of 52 samples Cystoseira spp. were prepared.
Analysis
To determine the elemental concentrations samples were subject to INAA at the reactor IBR-2 of the Frank Laboratory of Neutron Physics of the Joint Institute for Nuclear Research, Dubna, Russia [11] .
To determine the short-lived isotopes of Al, Cl, Ca, V, Mg, Mn, and I, samples of 0.3 g weight were packed in polyethylene bags and irradiated for 3 min in the irradiation channel with a neutron flux density of 1.3·10 12 n/(cm 2 ·s). Gamma spectra of induced activity were measured twice, for 3 min after 5-7 minutes of decay and for 12-15 min after 20 min of decay.
The long-lived isotopes of Na, K, Sc, Fe, Co, Ni, Zn, As, Br, Rb, Sr, Sb, Cs, Ba, Sm, Nd, Ag, Au, and U were determined using epithermal neutrons in a cadmium-screened irradiation channel with a neutron flux density of 1. To process gamma spectra and to calculate concentrations of elements in the samples, software developed at FLNP JINR was used [12] . The errors in the determined concentrations were in the range of 5-15% and 30% or more for those elements (eg Ag) which concentrations in the samples were at the level of detection.
Quality control was provided by using standard reference materials SRM Rice Flour-1568a, Pine needles-1575a and Apple Leaves-1515, all NIST production, irradiated in the same conditions together with the samples under investigation. The NAA data and certified values of reference materials are given in Table 2 . Statistical analysis was performed with STATISTICA 9.
Result and discussion
The concentrations of 26 elements accumulated in the "stems" and "branches" of Cystoseira spp., as sampled in the 2012 of spring and summer in the coastal zone of the Sevastopol region, are given in Table 3 . Figure 1 Concentrations of trace elements within macroalgae Cystoseira spp. and the Black Sea water were compared to determine the bioconcentration factor (BCF) for each trace element. In Table 4 According to our results, the brown algae Cystoseira barbata and C. crinita can accumulate trace elements in concentrations that exceed their concentrations in the Black Sea water by 3-4 orders. It is well-known that the rate of trace element accumulation by marine macroalgae depends on many factors. The most important abiotic factors are the concentration of elements in the environment and their speciation, salinity, intensity of water exchange, water temperature and light. Among biotic factors, the rate of metabolism of plants, their morphological characteristics, taxonomic identity, stage of ontogeny and physiological state are considered to be the important ones [13] [14] [15] .
Accumulation of elements in different morphostructural parts of the Cystoseira spp. thalli
The distribution of some elements over the morphostructural parts of the thalli has common features for all stations depend on Cystoseira spp. The concentration factors for "branches" of Cystoseira barbata and C. crinita (CF b ) were determined for each element (Table 5) It should be noted that Zn concentration in "stems" of C. crinita is 3.5-4 times higher than in "branches", while in "stems" of C. barbata it is only 1.4-1.7 higher (Fig. 2) . Similar regularity is observed for U. It might be due to peculiarities of the "stem" structure of C. barbata, which is harsher and bigger in diameter compared with the thin and smooth "stem" of C. crinita [10] that may influence the sorption processes [5] . The data obtained for Zn concentration in the thalli of Cystoseira spp. are in agreement with the previous investigations in other regions of the Black Sea (coastal zone of Crimea and Novorossiysk region) [5, 6] where Zn concentration in the "stems" of C. crinita was found 2-fold higher than in "branches". As for the other trace elements, C. barbata and C. crinita show pronounced differences in elemental accumulation in the morphostructural parts of the thalli in spring at different stations (Table 6 ). Figure 1 In summer, the concentrations of the majority of elements (except Zn and U) in the "branches" of both Cystoseira spp. at all stations are 1.5-4 times higher than in the "stems". A possible reason for this phenomenon is the abundance of epiphytic macroalgae on the "branches" of Cystoseira which are an additional source of elemental sorption from the aquatic environment.
Therefore, the distribution of macro-and trace elements over the morphostructural parts varies by seasons and it is different for Cystoseira barbata and C. crinita. In spring certain elements have different patterns of accumulation, while during the summer time the concentrations of all elements (except Zn and U) are higher in "branches" than in the "stems".
The relationship between accumulation of elements in Cystoseira spp. thalli and their age
The concentration of elements in "stems" of C. barbata and C. crinita of different age (less than 1 year old, 1-3 years old and 3-5 years old) are shown in Table 7 .
In spring and summer the highest concentrations of all macroelements in the "stems" of C. barbata and C. crinita were found in plants that were younger than one year old (except Mg and Ca in the spring season) at all stations. The highest concentrations of macroelements in "branches" of the youngest plants of C. crinita (stations 3-5) were observed only in summer.
Maximal concentrations of trace elements in spring and summer were also determined in the "stems" of C. barbata and C. crinita that were younger than one year old at all stations (Fig. 3) . In spring the content of some elements (Sc, Ni, Ag and Al, V, Fe, Ag and Sm) at all stations in the "stems" of C. barbata and C. crinita at the age of 1-3 years is 1.5 and 2 times lower, respectively, than in the plants younger than one year old. The similar regularity for Zn, Fe, Mn, and Pb accumulation in the thalli of C. crinita was previously found by other researches who noted the age period of 0.5-2 year as a period of rapid changes of these elemental concentrations [6] . The high accumulation of elements in the young plants of Cystoseira spp. seems is due to their more intense growth compared to the old ones [15] . In spring and summer, the concentration of elements in the "branches" of C. crinita (stations 3-5, Fig. 1 ), that are younger than one year old, is usually higher than in the plants of 1-3 years old, but this was not as definite as for the "stems". It can be explained by the fact that "branches" of C. crinita and C. barbata shed and change after several months because their age does not exceed 5-7 months [10] . Thus, the maximal concentrations of all trace elements (except Al, Sm, and Nd) were found in the 1-2 years old "branches" of C. barbata (stations 1 and 2, Fig. 1 ).
Accumulation of elements in the "stems" and "branches" of Cystoseira spp. in areas with different level of water pollution
In more polluted waters the elemental concentration in the "stems" and "branches" of C. barbata and C. crinita obviously tends to increase ( Table 3 ). The concentration of some elements in Cystoseira spp. from different stations is represented as the Box-and-Whisker plots (Fig. 4) . They show the mean value and standard deviation of the data for each station and differences in concentration of elements between stations.
Fe in "stems" of Cystoseira spp., spring For the biomonitoring purposes some authors recommend to use only "stems" of 3-4 years old plants of C. crinita [6] and others -both "stems" and "branches" of 2-5 years old plants of C. crinita [5] . The results of our study showed that the elemental concentrations in 1-3 years old "stems" of C. crinita and C. barbata sampled in summer are in a good agreement with the level of anthropogenic pollution of the studied water areas.
In spring, the maximal concentrations of the majority of trace elements in the "stems" of Cystoseira spp. were found in the Sevastopolskaya Bay, then, in descending order, in Balaklavskaya and Karantinnaya Bays, whereas the minimal concentrations were observed in Kruglaya Bay and, for some elements, in the aquatorium near Cape Fiolent. In summer, the maximal concentrations of trace elements were found in the "stems" of Cystoseira spp. from Karantinnaya Bay, then -from Sevastopolskaya and Balaklavskaya Bays. In summer, some trace elements (Mn, As, Sr, Ba, and U) were found in maximal concentrations in the thalli of Cystoseira spp. from Kruglaya Bay.
The maximal elemental concentrations in the "stems" of C. crinita and C. barbata from Sevastopolskaya Bay correlate with high concentrations of petroleum hydrocarbons and heavy metals in the bottom sediments determined in the centre of this bay [16, 17] . High concentration of elements in Cystoseira spp. from Balaklavskaya Bay and Karantinnaya Bay appears to be due to the high level of integrated pollution of their aquatorium which is worsened due to the poor water exchange of these bays with the open sea [18] . Minimal concentrations of trace elements in the "stems" of Cystoseira spp. from Kruglaya Bay in spring are due to lower anthropogenic pressure, as compared to the other bays, and intense water exchange with the deep sea [17] . Elevated concentrations of some elements in the thalli of Cystoseira spp. from Kruglaya Bay in summer could be related to the high recreational load (beaches and sewage waters from tourist infrastructure located on the coast), which is confirmed by the increase in the biochemical oxygen demand (BOD 5 ) [17] .
In spring, in the "stems" of Cystoseira crinita near Cape Fiolent where the coastal area is considered to be relatively clean, the concentrations of such elements as Co, Sc, Zn, and V turned out to be similar in the "stems" of Cystoseira spp. from the polluted areas. It is known that Cape Fiolent is an isolated volcano-tectonic block and the adjacent area near Cape Lermontov consists of volcanic formations of the Middle Jurassic, which are overlapped with organogenic-detrital and clay limestone of the Neogene [19] . Elevated concentrations of Co, Sc, Zn, and V in the thalli of Cystoseira spp. can be explained by their high concentrations in mafics and medium rocks [20] , which are typical for this area [19] . The concentration of the mentioned elements in such rocks is up to 2-fold higher than in limestone [19, 20] which is typical for the Sevastopol region.
Conclusions
For the first time 26 elements, including macroelements, heavy metals and arsenic were found in brown algae Cystoseira barbata C. Ag. and Cystoseira crinita (Desf.) Bory from the coastal waters of the Sevastopol region (SW Crimea, the Black Sea).
The peculiarities and differences in accumulation of macro-and trace elements were revealed in morphostructures of the thalli of C. barbata and C. crinita of different ages. In the summer period the concentrations of all elements (except Zn and U) are higher in the "branches" than in the "stems" whereas in spring some elements behave themselves differently.
The most intense accumulation of elements in the "stems" of Cystoseira spp. was observed in spring during the growth period and in the "branches" in summer; it can be related to an abundance of epiphytic macroalgae, which are an additional source of elemental sorption from the environment.
The highest concentrations of the majority of elements were found in the plants younger than one year old at all stations in the spring and summer seasons, regardless of their degree of pollution; it can be related to peculiarities of their ontogenesis.
The results evidence for increased trace element concentrations in the thalli of Cystoseira spp. in more polluted waters. In spring the higher concentrations of trace elements were found in the "stems" of Cystoseira spp. from Sevastopolskaya Bay than near the entrance capes of Balaklavskaya and Karantinnaya Bays. The lowest concentrations of the majority of elements were found in the "stems" of Cystoseira crinita from the waters near the entrance cape of Kruglaya Bay which is considered to be a relatively clean aquatorium. In summer, the higher concentrations of trace elements were found in the "stems" of Cystoseira spp. from Karantinnaya Bay than from Sevastopolskaya and Balaklavskaya Bays. The maximum content of some trace elements were also found in the thalli of Cystoseira spp. from Kruglaya Bay; it can be related to the increase of the seasonal recreational load.
In the "stems" of Cystoseira crinita growing in the relatively clean waters near Cape Fiolent, the elevated concentrations were found of such elements as Co, Sc, Zn, and V; it can be explained by the geological peculiarities of this study area rather than by the factor of anthropogenic pollution.
The results of our study showed that the "stems" of 1-3 years old plants of Cystoseira barbata and C. crinita sampled in the summer season could be used as biomonitors of anthropogenic water pollution in the coastal zone of the Black Sea.
